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DESCRIPTION 



AMETHOD FOR CONTINUOUS CULTURE OF THE ANAEROBIC 
MICROORGANISMS 



Technical Field 



The present invention relates to a method for continuous culture of fee anaerobic 



microorganisms. 



10 Background Art 

Among anaerobic microoi^nisms, there are many fflfett ^industrially important bacteria 
such as Ac e tm - Butm ^ace<one4DUtanol producing mioooifflnis m mia^ lactic acid 

producers, and ethanol producing bacteria However it is not known thea process to culture these 
microorganisms forte modem industrial application is not known except for the conventional batch 
15 culture. A(^ton-ButandAcetoneHbutarK)l fermentation was the first of the most popular modem 
fomentation rafasfcy processes until the World War H however, acetone and butanol are now 
produ±igproducedbyfep 

It is well known that lactic acid bacteria are useful miaroqgmism for the food industry, not 
only dairy products but also conventional pielde spickling femientation Lactic acid production process 
20 as anorganic acid production process is still rade rinthe development stage unlike glutamic acid 
femientation which is the most modem aerobic industrial fermentation among the amino acid and 
nucleic acid fermentations. 



It is known that ethanol fermentation by bacteria has some advantages fei ova tie y east 
process, but no satisfactory process has been introduced tein the ethanol industry. 
nevertheleGsNevertteless many studies involving continuous aeaete greactors using immobilized cell 
proces s have been made. 

Fftxnam^issu e Cur^ 
to fossil fuel, reduction of carbon dioxide emission, and environmental hazards by plastic waste, have 
resulted in te ehtrieal attention toen the efficient culture methods of anaerobic 
miarorga^^ Lactic acid fermentation mas-a large scale mass production ef 

ch e mical industry to supply raw material far biodegradable polylactic acid synthesis, and efficient 
10 ethanol fermentation process to supply e conomic ^ ecorxmcallv sufficient ethanol for gasohol is being 
paid great attention foranur^erttiisle.onaniTO^bask However, a continuous femienlation process 
for lactic acid fermentation using Lactococcus and Lactobacilli® and ethanol fermentation using 
Zym)morm1hat&eyai£ possible to apply industry ai e industriallvhave not been developed 

There are many scientific papers describing continuous fermentation ferof anaerobic 
15 rrierooiganisms, but these reports are expressingrelate to chemostat culture without proper rontrol of 
the fomentation kinetics so that continuous fomentation can not last for a long time with adequate 
control of all fermentation dynamics, resulting ^uneconomical residual glucose cormTtration with 
large substrate loss. Thus, these results can not be are not available for rafasft yan industrial 
fomentation process. 

20 The continuous fermentation process which is industrially available for industry must b&fe 



process to last long timeexfaM a lor^ stationary femientation state with stable kinetics, for a long time. 
Substrate The feed rate is maintained ^constant and residual substrate concentration is asjow as 
possible to mate minimize ^ ^ of the raw material In continuous fomentation employing 

aerobic fermentation, DO-stat is often used 

Li aerobic femientation, as substrate concenlratim approaches te the critical value fle wlower 
limit), cell activity decelerates to raise dissolved oxygen level due to decrease of oxygen uptake rate of 
the cells. Substrate is then fed and femientation activity wiUb^ 

Anaerobic microorganisms do not require oxygen for their metabolism and DQstat is not 
possible to use forasa substrate feed 
10 In another aerobic fermentation, pH-auxostat which is the method for substrate feed using pH 

uprise when the substrate is used up, is useeLemployed Likely in anaerobic fomentation, pH turning to 
up from down is oflen observed in ethanol formation as well as lactic acid formation, andpH-auxostat 
may be introduced for anaerobic continuous fomentation In practice, pH-auxostat in aerobic 
fermentation was feifeda failure . In anaerobic miaooqgm^ cells tesslose their 

15 activities inwersr ^ 

As shown in Fig. 1, anaerobic femientation is possible to last by pH change caused by 
alternative addition of substrate and alkaline (A) and substrate is fed before residual substrate 
concentration approached to the critical value (taw limit) (B). On the contrary, as shown in Fig 2, 
femientation ceases if substrate is not fed when pH turns to riseup (A) and residual substrate 
20 concentration became lower than the critical value (B). These are ffis-is special characteristics of 



anaerobic microorganisms unite characteristics of aerobic mioooq^ Therefore 
ena method has been found for substrate feeding for anaerobic continuous fenrentatoi 

Another problem to solve for continuous anaerobic fomentation is low cell population due to 
sterile cell formation that is defined by the inventor Sterile ceH-j soells are often found in anaerobic 
bacterium and such ee Hcells ean-ne fcarmot make daughter eeHcells so that such cell growth remains at 
a low level of &e maximum growth To increase fomentation rate, high cell population is the effective 
memmeans and such culture system can be prepared by cell recycling culture. Cell recycling brings 
high cell population and at the same time serious end product inhibition due to increase of product 
concentration in the culture broth. Thus cell recycling culture mabe sresults in serious end product 
inhibition resulting in unstable fermentation kinetics ante very poor productivity. 

The present invention is ameddirected to deve ^developing new control mefe dmethods 
for anaerobic continuous fermentation that is available for industry such as higfr purity Lrlactic acid 
production and biofuel ethanol production These processes require very high economical efficiency to 
minimizesave minimum production costs. 

Disclosure oflnvention 

To overcome technical problems mentioned above, the present invention provides following 
solutions: 

1. A meted for continuous culture of the anaerobic microorganisms where thaMs active cell 
population is maintained constant, when the fermentation is operating continuously by feeding 



substrate and alkaline solution alternatively residual glucose concentration of the culture liquid can be 
contioUed by feeding Ifae substrate 

2. The method for continuous culture of the anaerobic mioooi^nisms according to an above- 
mentioned invention, wherein the residual glucose concentration is maintained constanti y constant by 
feeding substrate of molarity that is equal to cumulative consumption molarity of alkaline solution 
addedmordertocontrolpHofthecult^ 

3. The method for continuous culture of the anaerobic microorganisms according to either of above- 
mentioned inventions, wherein the using diluted alkaline solution forms large dilution effect of culture 
liquid resulting high specific activity of the miooor^nisms and high volumetric productivity are 

10 maintained 

The present invention has been completed by the foUowingstae^ 

inventor. 

It was not successful theThe direct control of residual glucose concentration in the culture 
liquid by feed back control of substrate feed was not successful. The suitable sensor and other digital 
15 siffla lsignals to represent the substrate consumption could not be found so that it is found that the 
required amount of glucose supply can be calculated by the amount of alkaline solution consumed as 
fetong as eefccell activity is maintained In this system, residual glucose concentration can be 
controlled at thea pre^set leveL In this fomentation system, high cell density culture gives high 
volumetric productivity; however, such culture conditioironditiQns makesmake high product 
20 concentration to developthereby developing strong product inhibition This results irroakes 
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deceleration of the specific rate ofthe fenneniatim dynamics. 

Control of residual glucose concentration of such fomentation is difficult By introducing 
fttrcxtoig turbidity control to this fermentation system, cell popiMonbe^BescomesurderconttDL 
TOsfemienlation system r^ 

is still obtained by using diluted alkalin e solution to makeobtain a large dilution effect Byln this 
manner, end product inhibition in high cell density culture becomes smaller and such fomentation 
becomes stable with fairly good residual glucose concentration. 
Thus the present invention has been completed 

Using the present invention, continuous culture of anaerobic microorganism has been 
succeeded with feiriy good bw glucose concentration hftie harvest This proce^ 
industrial production of L-lactic acid The products fiom this process are sa llow in coste sb and of 
yen/ high quality with fo 



BriefDescription ofDrawings 
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Fig 1 shows that in the culture of anaerobic nrierooqamism as_pH of the 

culture liquid approaches ate Iowa preset limit (A), at that time residual glucose concentration 
decreases to the critical value. Femientation goes on with healthyproceeds effectively, when residual 
glucose concentration is stiUrmiaine d remains above the critical level (B); 

Fig. 2 shows that fermentation will cease and can not recover if substrate will be fed after 
20 residual glucose concentratim become lower than the critical value; 
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Fig. 3 shows thafrfeea schematic diagram ofea^ttem 
the present invention. 

Best Mode for Carrying Out the Invention 

In the present invention, cell density of anaerobic microorganism is controlled and continuous 
culture is conducted by alternative feed of substrate and alkalin e solution Residual glucose 
concentration of the spent medium is controlled by the alkaline feed rate using the equation for 
calculation based on molar equivalent of glucose consumption rate and correction factor. By this 
control system, raw material loss m the spent medium decreased so to 
quality product with the minimum a)stperfamance. 

Also in the presort invention, the active cell population is increased by recycling the cellseell to 
increase the product concentration resulting strong product inM 

can be recovered to high level by high dilution effect performance for the culture system employing 
diluted alkaline solution for feeding By these means, specific activity of the fermentation can be 
maintained high and anaerobic continuous fermentation become stable for long timetam operation 

The opejation of the system is e^lained using a schematic 3., the principle 

structure of this fennenlation system is depicted by a SFD (Schematic Row Diagram). In this figure, 
A: fernientar, B : cross flow filtration for cell separation, C: pH indicator and controller, D : computer for 
calculation of feed rates of the substrate based on alkaline consumption rale, E: turbidity controller, 
using laser piobe> PI, P2, and P3:peristaWcpun^ are indicated And Fl: rate ofalkaline flow-in to 



operate pH-stat culture, Fl\ rate of substrate flow-in detemiined from alkaline consumption rate, F3: 
rate of the medium that does not contain the glucose added for turbidity control flow-in, F4 and F5 : cell 
fee broth exit far feed bade control ofM and 7^ respective^ to control foment 
constant, FS: broth exit, fir feed bade control of F3 to control the working volume constant 

AU rates are expressed h a dimensm 
ofthefOTnentorA^ttereMonsh^ 

time to maintain cell population constant undo- constant working volume the relationship of F5=F6 
must be preserved In this culture system, sum of the rates of stream into the fermentor is Fl +F2+F3 
and sum ofbleeding out Sum the fermentor is To maintain constant working volume, the 

relationship of Fl+F2+F3=F4+F5r±F6 should be established Thus unlike the conventional reasoning 
for continuous culture, dilution rate of this arfnuous fermentation is expressed by the following 
equation (1). 

Fl + Fl + F3 F4 + F5 + F6 

V ~ V ( } 

To constant cell population in the fermentor, total growth of the cell in unit time, pAy should 
be equal to cell bleeding out, XFS, so that specific growth rate of this femientation system can be 
expressed by the relationship XFfryXV;. 
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fe-feelhe conventional reasoning for continuous culture has been expressin ge xpressed by 
Monod equation which defines that continuous culture will attain the steady state at operation 
condition of |p=D. The present invention does not agre e with this theory so to this is a new type 
continuous fomentation that js controlled by new logic. In this new control system, substrate feed rate 
is given by the function of alkaline feed rate i^l. If alkaline concentration is diluted to low normality, 
culture broth wiU be diluted to inaease tepxxluctivdty due to the dilution effect Byln this way end 
product inhibition becomes smaller and the specific activity of the cells is maintained high so that 
fenrientation becomes steady with fegyfairly good imiainedremaining glucose concentration 

The following section, describes the examples of the present invention And of course, the 
present invention is not limited by the following examples. 

Examples 
Example 1: 

Stea mThe strain used is Lactococcus lactis IO-l (JCM7638) which was isolated by the 
inventor was used Stedosastodc ailture stored ma deep fieezer at ^ 
liquid medium (Difco Laboratories, Detroit) and transplanted into 100 ml medium containing in an 
Erienmeyer flask for 8 h culture. The medium consisted of 3% of glucose, 0. 5% of yeast extract, 0.5% 
of poly-peptone and 1 % g ofNaCl and autoclaved for 5 min at 1 20 °C. The famentatio n F e m ien tati on 
systoioiployed is the same one shown in Fig 3. The fennentor is am glassware 1 liter jar withan 



inner agitation d driven by magnetic force of genfleagitation4(X)ipnxThejarw^ 
to which 37 °C water was being circulated A^gfe 

Tokyo) was installed in the jar and pH of the culture Hquid was controlled at the low limit value (pH 
6.0) by feeding of alkaline soluliai (lN-NaOH). Residual glucose level was periodically detamined 
by an enzymatic glucose analyzer and when ghicose concent^ 

was started by feeding of substrate the rate of which was calculated based on the rate of alkaline 
consumption rate. The relationship between glucose demand and alkaline consumption can be 
considered as the following That is, the glucose quantity (Gq) can be written by the following 
equation (3), 

0.95 

where /is a coefficient of normality of lN-NaOH and C is a tarn for adjustment of the residual 
glucose concentration. Glucose demand (g) is equivalent to lactic acid (MW=90) formation (g) 
which corresponds to the rate of IN alkaline flow-in (Fi), however 5 % of the fed glucose should be 
lostforregenerationofthemia^^ Therefore, the glucose demand is divided by0.95. Offset 
of the control system can be adjusted by the temi C acceding to monitoring residual glucose 
concentration. 

Therefore, to supply a glucose quantity which is calculated by an equation (3) using the 
glucc^ concentrations^ 

10 



s 

where Sis glucose concentration (g/1) of feed solution. 
5 Continuous culture was condu^ by feeding the substra^ 

(3) and (4). Cell fee filtrate from the cross flow ultra filtration was withdrawn The culture broth was 
withdrawn and recycled back to (MCROZA PSP103, 

Asahi-kasei Co., Tokyo). Peraieate of the filtration was harvested as lactic acid product solution 
Turbidity of the culture broth was detemiined and controlled at constant cell density by bleeding out the 

1 0 culture broth and feeding non-glucose nutrition solution (yeast extract 0.5%, poly-peptane 0.5% and 
NaCl 1.0%) as adfe fedikol using aDDC controller (Model IA-300 ASRCo., Tokyo). All streams 
of the feeding in and bteeefegbled out woe syrchiunized by a peristaltic pump. Three kinds of the 
feed solutions (Fl, F2 and F3) were fed in and two kinds of solution (FA and F5, and F6) were 
feteedfflgbted out Substrate supply rate is calculated from the alkaline consumption rate for 

15 neutralizing lactic acid 

Afler 12 h batch wisebatd^ 
the fermentation turned to continuous culture. With substrate feed and cell recycling, cell concentration 
gradually increased to about 10.5 g/L 

Residual glucose concentration in broth was 4.5 gi te^aae whichis higher than the target 

20 value of 2.0 gi However, glucose concentration was reduced by manipulating the tea C of the 
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equation (3). For 3 h operation, residual glucose concmtmtion has been approached to 2±0.5gl. 
Continuous operation lasted for 10 days, 250 h with total dilution rate 0.7 1/h. During continuous 
operation, average lactic acid concentration of the harvest was 45 g^ therefore the volumetric 
productivity of this fenrnitationvvas3L5g11i 

Fran the harvested liquid, Lrlactic add was purified and concentrated to 90 % 
Renurin e d Remaining glucose in the product was less than 5 % against L-lactic acid and it is_of 
satisfactory quality for poly-lactic acid synthesis. 
Example 2: 

The strainSteam used is Lactococcus lactis IO-l (JCM7638) which was isolated by the 
10 faventarwasused astoc& §te& 

liquid medium (Difco Laboratories, Detroit) and transplanted into 100 ml medium containing in an 
Eiienmeyer flask for 8 h culture. The medium consisted of 3% of glucose, 0.5% of yeast extract, 0.5% 
of poly-peptone and 1% ofNaCl and autodaved for 5 min at 120 °C, Fermentatio n The fomentation 
system employed is the same one imi fa 1. Tliefermentor is a glassware 1-liter 

15 jarwilhaninneragMmrddriv^ 

a water bath to which 37 °C water was being ciixxJated A glass electrode f^ 
Denpa Go. Tokyo) was installed in the jar and pH of the culture liquid was controlled at the lower limit 
value (pH 6.0) by feeding of alkaline solution (lN-NaOH). The liquid employed for fenrentation was 
enzymatic-hydrolyzed^ cornstarch diluted to 5 % glucose equivalent 

20 E^rffleEnzymes employed woe NOVO Themamyl 12QL and Dextrozyme 225/75 L To the 
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syrup, 1 % of com steep liquor (CSL) was added and pH of the liquid was adjusted before autockving 
at V2Q°Cfx5nm 

Residual glucose level was periodically detemiined by an enzymatic glucose analyzer and 
when glucose corxEntrationr^^ 1.5 gft, continuous ailture was started feeding 
5 the rate of which was calculated based on the rate of alkaline consumption rate. The relationship 
between glucose demand and alkaline consumption was given by the equation used in the example 
^ Example 1 . 

Hiese feeding rates woe ainlroUedl^ftfcecxnpiter. The culture liquid was withdrawnand 
recycled bade to the fermentor through a cross flow ultra filter (MCROZA PSP 1 03 , Asahi-kasei Co., 
1 0 Tokyo) and cell fiee filtrate from the aoss flow ultra filtration was withdrawn as a harvest solution to 
recover lactic acid product To the fennentar, a teariaser working probe for turbidity demembration 
was installed to control the cell density of the culture broth. The cell density of the culture troth was 
controlled at constant by bleeding out the culture broth and feeding non-glucose nutrition solution 
(CSL 1.0%) as adife tediluent using aDDC controller (Model LA-300 ASRCo., Tokyo). All streams 
15 of the feeding in and bleeding out were synchronized by a peristaltic pump. Three kinds of the feed 
solutions (Fl, F2,andF3) were fed in and two kinds of harvest solution (F4 and ^5 , and f6) woe 
btedbJeeefegout Substrate which is glucose supply rate is calculated ft™ 
of adding amountaddition of alkaline solution ffl.5N-NaOH) for control of pH 

Afier 18 h bafchwise bateh wis e cultivation, residual glucose concentration approached te 1.5 
20 gl and the fomentation shifted to continuous culture. With substrate feed and cell recycling, cell 
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concentration gradually increased to about 123 g/1 ofDCW 

Residual glucose concentration h culture 1 g/L that were lower than the target \due 

of 1.5 g/L However, glucose cormitiation was increased by manipulating the term C After 1 h 
operation, residual glucose concentration has been controlled to 1.5db0.2 g/1. Continuous operation 
5 lasted for 3 weeks, 525 h with total dilution rate 1.0 1/h. During continuous operation, average lactic 
acid concentration of the harvest was 40.5 g/1, therefore the volumetric productivity of this fomentation 
was 40.5 g^K 

From the harvested liquid, Lrlactic acid was purified and concentrated to 90 % 
R e niain e d Remaining glucose in die product was less than 5 % against Lrlactic acid and it is of 
10 satfefectay quality for poly-lactic acid synthesis. 
Example 3: 

Maoor^nism, Zymomoms mobilis NRRLrB 14023, was used Stock culture stored in a 
deep fieezer at -85°C was refreshed in YM liquid medium (Difco Laboratories, Detroit) and 
transplanted into 100 ml medium containing in an Erienmeyer flask for 8 h culture. The medium 
15 consisted of 100 g of glucose, 10 g of yeast extract, 1 g of Kt^PO* 1 g of (J^^ and 0.5 g of 
MgSO^ 7H2O in one to of deionized water and autoclaved for 5 min at 1 20 °C Continuous culture 
was conducted in the femientation system demonstrated in Fig 3. 

The fermentor is am glassware 1 liter jar with an inner agitator driven by magnetic force of 
400 rpm of gende agitation. Thejar was put ma water bath to which 3 
20 A glass electrode for pH (Toa Denpa Go. Tokyo) was installed in the jar and pH of the culture both 



was controlled at two pre set peffl foointS s an upper limit and lower limit, using a pH controller. In 
continuous culture, substrate was fed at upper pH limit and alkaline solution (0. 5N-NaOH) was fed at 
the pH lower limit The culture broth was withdrawn and recycled bade to the famentor through a 
cross flow ultra filter (MCROZA PSP103, Asahi-kasei Co., Tokyo). Permeate of the filtration was 
harvested as ethanol product solution Turbidity of the ailto 

constant cell density by bleeding out the culture broth and feeding non-glucose nutrition solution as a 
dfe tediluent using a DDC controller (Model LA-3 00 ASR Co., Tokyo). All streams ofthe feeding in 
and bleeding out were syixhronized by a peristaltic pump. Substrate supply is calculated from the 
alkaline consumption for glucose intake by the following equation (5), 

/F1/.X180 

0.95 V ' 

where^fr indicates a reciprocal number of ml of lN-NaOH required for 1 mole (180 g) of glucose 
intake. Stoichiometiy of ethanol fomentation from glucose shows one mole of carbon dioxide release 
for one mole formation of ethanol. Thus unlike lactic acid fomentation, ethanol yields fiom glucose 
theoretically 50 %, not 100%. 

Thai, if the rate of conve*sicn of ethanol fiomghxEse is expressed as an equate 
be given by the same as an equation (1 ). 

In order to maintain constant working volume, an accurate volume of cell free filtrate must be 
withdrawn when substrate solution and alkaline solution was flown in Gain the same way, glucose 
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fee dfe fediluent was fed when the culture broth is bledfcfeed out to reduce cell density, so tot the 
working volume of the continuous culture is no changjenot changed 

Mfa medium was consistingconsisted of 1 0% of glucose, l%of yeast extract, 0.5% of 
KH2PO4, 0.1% of (NH^O* and 0.05 % of Mg(S0 4 ) • TH£. A 20 ml of the seed culture was 
transfenedto400mlofwoik^ pHofthe culture \^ maintained at 

pH5.5 by feeding alkaline. 

At 8 h after start of the main femienlation, residual glucose concentration readied to 1 g / land 
continuous culture was introduced with cell recycling. Cell concentration increased and glucose 
feeding rate proportionally increased T^he nThen the cell concentration has reached 7.5g4 as DCW 
Residual glucose concentration in the broth was slightly higfc ase.g. 1.5 g/L Howevet; glucose 
concentration was adjusted by manipulating the team C For 2 h operation, residual glucose 
concentration has been maintained l.QH).3g^l. Continuous culture was lasted for 7 days of 150h with 
total dilution rate of 0.5 1/h and satisfactory low residual glucose leveL Bhanol concentration of the 
harvested liquid was 52 g / l sothatethardprodixrivityo 

Industrial Applicability 

In the present invention, miooorg^nisms employed are not immobilized and maintain cell 
activity at a healthy state at while cells which have lost activity and sterile cells are afe wallowed to 
washout iromte reactor and to re 

of the active and healthy celk Such bioreactor gives a small deviation of the femienlation kinetics by 
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introducing turbidity The system can easily operate in a continuous mode 

by feeding substrate and bleeding out the culture broth DMm rate of thra 
total volume of the feeding solution including alkalin esohition Diluted alkaline solution mates a large 
dilution effect, resulting m_small end product inhibition When cell density become high, product 
5 concentration increases and represses the product formation rate. However in such case, product 
formation rate can be maintained high by use of diluted alkalin e solution None of this This type of 
bioreactor is ev e r knownunknown The rateR ateofthebiopooess reaction of this new reactor is large 
as in a petrochemical process in continuous operation, so that volumetric productivity of this 
bioprocess gives a few te atens of times of that o fbotch wis ebatehwise operation 
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Abstract 



In a method for continuous culture of the anaerobic micrcoig^nisms that is active cell 
population is maintained constant, when the fermentation is opaate d opeiating continuously by 
feeding substrate and alkalin e solution alternatively, residual glucose concentration of the culture liquid 
can be controlled by feeding Ihe substrate ftatata rate is equal tote alkaline consun^ 
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